INTRODUCTION
Hybrid 3-dimensional (3D) inorganic, organic metal halide perovskite solar cells (PSCs) have been increasingly studied since 2009 as solar light havesters due to their excellent photoelectric properties, high absorption coefficient, diversity, simple and low-cost preparation [1, 2] . Today, the PSCs draw world-wide research attention, as a new and very promising photovoltaic technology. While the power conversion efficiency (PCE) of PSCs has been continuously increasing, reaching over 23% [3] [4] [5] [6] , most of the high-efficiency formulations are still plagued by instability in particular when exposed to heat, light as well as oxygen and moisture [7] [8] [9] [10] [11] .
Snaith et al. [12] have reported that the degradation of perovskite devices under light illumination lead to the recombination loss of photo-generated charges occurring in the TiO 2 layers. Additionally, Lin et al. [13] have found that the decomposition of MAPbI 3 can easily happen in a high moisture environment, because the interaction between highly hygroscopic methylammonium cations and water molecules can result in the dissociation of bonds among the crystal units.
There are many reports about improving the stability of perovskite [14] [15] [16] [17] [18] [19] . One approach introduced in 2014 is to resort to 2D perovskite systems because they exhibit high moisture resistance [20] [21] [22] [23] [24] [25] [26] [27] . Karunadasa et al. [22] studied 2D perovskite [C 6 H 5 (CH 2 ) 2 NH 3 ] 2 (MA) 2 Pb 3 I 10 solar cells with a PCE of 4.73%. More recently, Tsai et al. [24] prepared 2D Ruddlesden-Popper perovskites (CH 3 -(CH 2 ) 3 NH 3 ) 2 (MA) 2 Pb 3 I 10 (n=3) and (CH 3 (CH 2 ) 3 NH 3 ) 2 -(MA) 3 Pb 4 I 13 (n=4) which show a PCE of 12.52% and longer-term stability against light and humidity. While these 2D perovskites contribute to stronger resistance of the devices against humidity, the PCE of 2D devices is still low.
To discover the reason for the low PCE, we carried out a set of simulation calculations (detailed simulation process as shown in Supporting Information (SI)). We found that the original corner-sharing [PbI 6 ] 4+ octahedrons constructed 3D lattice was disconnected as described in Fig. S1 and lead to a poor photovoltaic performance when a slightly bigger A site group was put into the FAPbI 3 lattice. Therefore, we proposed to mix FA with smaller groups, such as NH 4 + to ensure room for the motion of the bigger group to maintain the 3D lattice with the proper light absorption. Here, we explored the influences of the A site group mixing on the spatial structure using different ratios of NH 4 + and FA + groups (1:7, 2:6, 3:5) (Fig. S1) 
EXPERIMEMTAL SECTION

Methodology of structural evolution
All the 300 ps dynamics simulations were performed by the Car-Parrinello molecular dynamics module as implemented in the Quantum Espresso software suite [28, 29] . The wave functions and the electronic density were expanded on a plane-wave basis set with a cutoff of 30 Ry and 120 Ry, respectively. The Perdew-BurkeEzernhof implementation of the generalized gradient approximation was used for the description of the exchange-correlation functional, along with ultrasoft, scalar relativistic pseudopotentials for all atoms [30, 31] . The target temperature was set to 300 K by a Nose thermostat [32] . All the atoms could move freely during the simulations. All the simulations were carried out with an integration time step of 5 a.u., a fictitious electronic mass of 400 a.u. and the real ionic masses. The structural models used for CPMD simulations are composed of a 2×2×2 orthorhombic supercell (93, 90, 87 atoms for the 1:7, 2:6, 3:5 systems, respectively) with lattice parameters of a =10.303 Å, b=9.482 Å, c=17.288 Å assigned from X-ray diffraction data. The cubic supercell is double size and contains the periodicity of the tetragonal unit cell (Pnma space group).
Synthesis of formamidine iodide (FAI)
FAI was synthesized by reacting 23.3 g of hydroiodic acid (0.1 mol, 55 wt.% in water) with 10.3 g of formamidine acetate (0.1 mol). Hydroiodic acid was gradually added into formamidine acetate, and then the solution was allowed to stir in the ice bath for 2 h. The white precipitate was collected by rotary evaporator at 60°C under reduced pressure. The production was recrystallized using methyl or ethanol and washed continuously with anhydrous diethyl ether until white powder was acquired.
Fabrication of perovskite solar cells
FTO-coated glass (1.5 cm×2.0 cm) was patterned by etching away a 2 mm strip with zinc powder and 4 mol L −1 HCl. Substrates were cleaned by sonication in detergent, and rinsed three times with ultrapure water and ethanol, respectively. Then it was dried on hotplate. A TiO 2 compact layer was deposited on the cleaned FTOcoated glass by spray pyrolysis using air as the carrying gas at 460°C from a precursor solution of bis(acetylacetonate) (0.4 mL) and titanium diisopropoxide (0.6 mL) in anhydrous isopropanol (7 mL 
RESULTS AND DISCUSSION
We first performed a theoretical simulation of the structural evolution when NH 4 + insert into the FAPbI 3 lattice. According to the crystal structure data [33] [34] [35] , the skeleton of the inorganic part of NH 4 PbI 3 is constructed by edge-sharing [PbI 6 ] 4+ octahedrons that form a layered structure resembling that of PbI 2 . Considering the 3D perovskite structure [4] , the edge-sharing model was adopted for the construction of the NH 4 + and FA + mixed systems. Starting structures with different ratios of NH 4 + and FA + groups (1:7, 2:6, 3:5) were designed and then put into 300 ps dynamics simulations to explore the influences of the A site substitution. After certain time spans of fluctuations, as seen in the root-mean-square deviation curves, all the systems reached equilibrium (Fig. S2 ). Taking the 2:6 mixing ratio of NH 4 + and FA + as an example, the starting and equilibrated structures are depicted in Fig. 1a and b, respectively. During the dynamic processes, the 2D structure of the starting model changes to a structure between 2D and 3D. Examining the bond breaking and formation of the Pb and I atoms, we found that the part of edge-sharing Pb-I bonds break. Then Pb and I atoms from different layers form new bonds during the dynamics processes, as described in Fig. 1c . These new bonds between different layers eventually result in a local 3D structure. Together with the original 2D edge-sharing motif, the whole system appears as a 2D-3D mixed structure, which could be proper to explain the layered structure in SEM observations (Fig. 2) . This bond formation is detected in all the NH 4 + and FA + mixed designs.
Phase structures of FA/MA and A/FA/MA (n=3, 5, 7, 9 and 11) perovskites were then studied by using X-ray diffraction (XRD) measurements, and the results are also shown in Fig. 1d and c. The peaks around 14°and 28°are identified as the scattering from (110) and (220) crystal planes, indicating a preferential orientation of crystallites and coinciding with the large crystal size seen in SEM images. According to the literature [36] , there is no peak at 12.65°, implying that there are no PbI 2 . The absence of the above-mentioned peak in the present perovskite film suggests complete consumption of PbI 2 in A/FA/MA (n=3, 5, 7, 9 and 11) perovskites. These results are consistent with those of normal pure perovskite, indicating that the crystal growth in the perovskite film is not structurally affected by the addition of NH 4 I. Whereas, if NH 4 I was added in the precursor solution, strong diffraction peaks at around 9.5°and a series of corresponding weak peaks for the 2D perovskite phase (002), (004), (006) etc. crystal planes appear in the final mixed perovskite films. With n increased, the intensities of A/FA/MA perovskites (n=3, 5, 7, 9 and 11) peaks at (002) crystal planes become weak, implying more normal perovskite structure formed while the 2D structure decreased. It indicates that there exist normal perovskite structure and 2D structure in A/FA/MA (n=3, 5, 7, 9 and 11) perovskite films and the results are in accordance with above theoretical simulation. However, there are great difference between this 2D perovskite structure composed of smaller-size NH 4 + and other reported 2D/ MD perovskite structure based on larger-size ammonium salts [20] [21] [22] [23] [24] [25] , and thus, we defined this 2D-3D mixed perovskites as new-type perovskite materials. Additionally, from Fig. 1e and Fig. S3a , b, we found that with increased addition of NH 4 I (n decrease), the peaks position slightly moves toward larger angles (except n=3) representing a change in crystal lattice constants, chiefly an expansion of the c-axis of the perovskite unit cell that is responsible for the differences in E g . To further reveal the crystalline orientation of new-type 2D/3D mixed perovskites, the grazing-incidence wideangle X-ray scattering (GIWAXS) of FA/MA (n=∞) and A/FA/MA (n=3 and 9) perovskites were carried out. In the 2D GIWAXS data (Fig. 1f, g) , the three perovskites all show five distinct Debye-Scherrer rings along certain extended arc segments which indicate strong intensities of the (110), (112), (202), (220), and (310) crystal planes. It reveals that the three perovskites all have preferential 3D perovskite orientation of crystallites. Whereas, for 2D GIWAXS of A/FA/MA (n=3 and 9), the new DebyeScherrer rings in the inner yellow area can be ascribed to (002) crystal planes with a 2D in-plane random orientation. The results are in accord with the XRD patterns and further prove the formation of new 2D-3D mixed perovskite materials.
The morphologies of FA/MA and A/FA/MA (n=3, 5, 7, 9 and 11) perovskites were examined by a scanning electron microscope (SEM). Fig. 2 shows the top surface and cross-sectional SEM images of A/FA/MA (n=3, 9) and FA/MA (n=∞) on TiO 2 films. A complete set of SEM images (n=3, 5, 7, 9, 11, ∞) are presented in Figs S4 and S5. Generally, the orientation of 2D materials on substrates strongly favors growth of layered structures where the layers orient parallel to the substrate. However, if the layers become thicker (n>1), a competition arises between the NH 4 + ions (confining the growth layer), and the FA + and MA + ions (expanding the perovskite and forming larger grains). A trend has been observed in A/FA/MA perovskites. The crystals are composed of layer growth structures and large grain to form 2D/3D mixed structures, and then these perovskites are self-assembled to form well defined films on the substrates with excellent surface coverage and a fine texture. With increasing n, the small grains are subsequently interconnected to each other, leading to large grain size and layer structures gradually disappear. Optical properties and E g are closely related to the photovoltaic performance of the solar cells. To exhibit the effect of the A/FA/MA (n=3, 5, 7, 9 and 11) perovskites on the optical properties, we compared the UV-vis absorption and normalized photoluminescence (PL) spectra of perovskite thin films of the FA/MA (n=∞) and A/FA/MA (n=3, 5, 7, 9 and 11) perovskites which are given in Fig. 3 . Interestingly, compared to thin film of FA/MA (n=∞), the UV-vis absorption peaks position of A/FA/MA (n=3, 5, 7, 9 and 11) films all show red-shift (Fig. 3a) . The smaller n values, the more the light absorption of these A/FA/MA perovskite films shifts to longer wavelength region. Normalized PL spectra of the perovskite film of FA/MA (n=∞) and A/FA/MA (n=3, 5, 7, 9 and 11) perovskites (Fig. 3b ) also show a red-shift and the PL peak of A/FA/MA (n=3) perovskite has the greatest red shift. To gain better insight into E g and the charge transport dynamics in the A/FA/MA perovskite devices, the energy ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   512 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . level diagram of the components in the device is depicted in Fig. 3c . The highest occupied molecular orbital (HOMO) energy levels of FA/MA (n=∞) and A/FA/MA (n=3, 5, 7, 9 and 11) perovskites are determined from ultraviolet photoelectron spectroscopy (UPS). The lowest unoccupied molecular orbital (LUMO) energy levels were determined by subtracting the VBM from the corresponding E g . As shown in Fig. 3c , the E g for the A/FA/MA perovskites with n=3, 5, 7, 9 and 11 are smaller compared to the pure FA/MA (n=∞ phase), causing the observed shift in the UV-vis absorption bands and in the PL peaks of the perovskite films. Thus, NH 4 + plays a crucial role in the red shift of UV-vis absorption, PL peaks and E g . It is contributed to that NH 4 PbI 3 could be sensitive towards longer wavelengths. Previously reported (NH 4 ) x -(MA) 1−x PbI 3 mixed perovskite could be used to adjust the absorption onset [37] . The lower E g are potentially obtained from smaller molecular cations and the replacement of FA + by NH 4 + in the perovskite lattice reduces the band gap by 0.3 eV [38] . As a consequence, the A/FA/MA perovskites could significantly improve the light harvesting capability of solar cell making an excellent choice as light-absorbing layer because of the lower E g . As stated in the above section, the attractive optical properties of the A/FA/MA (n=3, 5, 7, 9 and 11) perovskite films show great applied potential in solar cells. Hence, we proceeded to study the impact of A/FA/MA with different n values on photovoltaic performance. The devices based on these A/FA/MA (n=3, 5, 7, 9 and 11) films were fabricated and the corresponding photo-current and voltage curves were measured. The overall A/FA/MA (n=3, 5, 7, 9 and 11) devices showed much better PCE performance than previous reports for 2D and MD PSCs, with [(NH 4 ) 2.4 (FA) 8 Pb 9 I 28.4 ] 0.85 (MAPbBr 3 ) 0.15 formulations (n=9) devices exhibiting the highest PCE. Upon augmenting n from 3 to 9, the J sc constantly increase from 13.49 to 22.12 mA cm −2 , V oc increases from 0.95 to 1.05 V and PCE also rises from 7.71 to 16.50%. However, with the increase of n value, the films gradually become very coarse with significant deterioration of the fill factor and V oc . Thus, when n=11, the photovoltaic performances decrease markedly. Because NH 4 PbI 3 possesses low relative dielectric constant to FAPbI 3 and MAPbI 3 , when increasing NH 4 + (n decreases) in the A/FA/MA perovskites, the relative dielectric constants decrease which will significantly affect electron transport in a photovoltaic device, with reducing J sc [37] . Whereas, when n increases, the band gaps of A/FA/MA perovskites reduce, resulting in the absorption and J sc increase, and the corresponding PCE will change as well with the Table S1 . The J-V curves of the devices with A/FA/MA perovskites are plotted in Fig. 4a , and the photovoltaic parameters of the best performance solar devices from the different ratios of FAI and NH 4 I are summarized in Table S2 . To obtain highly efficient A/FA/MA (n=9) PSCs, we optimized the A/FA/ MA perovskite precursor concentrations (1. Fig. 4b and Table S3 . We used this method to maintain the same procedure for the device preparation process to assess accurately the device performance for the different formulations.
We found that PCE of the champion device (Fig. 4c ) is 18.25%, and the PCE of normal perovskite-based device is 18.73%. These results are all significantly higher than previous A/FA/MA perovskite based solar cells. The J-V curve characteristics of PSCs are sensitive to measurement speed [39] [40] [41] [42] [43] [44] , FF of 72.77% and PCE of 18.21% for the forward scan direction. In this regard, devices have little hysteresis possibly due to the addition of NH 4 I modified to the interface between light-absorber and TiO 2 layer, which then induces efficient electron injection and transport. Fig. 4d shows the incident photon to current conversion efficiency (IPCE) spectra for FA/MA (n= ∞) and A/FA/MA (n=3, 5, 7, 9 and 11) PSCs. From the IPCE spectra in Fig. 4d , we observe that photocurrent generation starts at about 300 nm. There is an excellent photocurrent response from 300 to 800 nm shown by the A/FA/MA PSCs. Compared with normal perovskite, they   SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . show the red-shift of IPCE spectra of A/FA/MA (n=3, 5, 7, 9 and 11) and the IPCE spectrum of A/FA/MA perovskite (n=3) has the most significant red-shift, according to the UV-vis absorption peaks and PL peaks (Fig. 3) . When n=9, this reaches peak values of over 80% in the visible spectra, the J sc is over 22 mA cm −2 and surpass that of normal perovskite, leading to the highest PCE value of A/FA/MA (n=9) perovskite. Rapid decomposition of MAPbI 3 and FAPbI 3 occurs due to illumination and high moisture, which is manifested by a decrease of PCE and the change of the XRD patterns [45] . To investigate the influence of the introduction of ammonium cation on the device stability, we further performed the light and moisture stability tests of FA/MA and A/FA/MA (n=9) perovskite devices and thin films. Our results show that the A/FA/MA perovskite films exhibit remarkably high reproducibility, enhanced light fastness, and high moisture resistance. In Fig. 5a , we presented normalized efficiency variation curves of the encapsulated FA/MA and A/FA/MA (n=9) PSCs under standard AM 1.5G illumination. We observed that the PCE of the encapsulated FA/MA PSCs has a marked decline and almost no efficiency, while the PCE of encapsulated A/FA/MA (n=9) perovskite devices is fluctuant, but it shows no evident change and has the tendency to increase after exposure to light.
We performed long-term moisture stability measurements of the FA/MA and A/FA/MA (n=9) perovskite devices and thin films. Normalized efficiency variation and fitting line of unsealed FA/MA and A/FA/MA (n=9) PSCs under the humidity over 90% over 1,000 h are shown in Fig. 5b . The PCE of the FA/MA perovskite device markedly degrades, followed by a slow degradation to <20% of its original value. In contrast, the A/FA/MA (n=9) perovskite device slowly degrades and retains its original PCE under the humidity over 90% over 1,000 h. A/FA/MA (n=9) perovskite film almost had no change. The stability of the film was also confirmed by XRD ( Fig. 5c and d) . Apparently, in the FA/MA perovskite film, PbI 2 peaks are observed, while few PbI 2 peaks exist in A/FA/MA (n=9) perovskite film. The 2D characteristic peaks before 10°become weak and 3D characteristic peaks almost have no change. Fig. 5e shows images of six different perovskite films before and after exposure to high humidity. When stored under the humidity over 90% over 1,000 h, the normal perovskite materials have ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   514 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . with 2D layered structure is formed to prevent 3D perovskite from direct contact with adventitious water [46] . Water molecules will combine with NH 4 + on the surface, firstly decomposing the 2D structure and protecting the 3D structure, which decreases the chance of decomposition [47, 48] . It is consistent with XRD patterns of A/FA/MA (n=9) perovskite films after exposing to high humidity environment. Moreover, the A/FA/MA (n=9) . . . . . . . . . . . . . . . . . . . . . . . . . . . (n=3, 5, 7, 9 and 11) , and then studied their properties. When n is smaller, the light absorption and photoluminescence of these A/FA/MA perovskite films show more shift to the red band region and the E g decreases. The devices based on these A/FA/MA perovskite materials have good photovoltaic performance; the PCE exceeds 18% when n=9. In addition, these A/FA/MA PSCs have high light stability and excellent moisture resistance, and the PCE is retained when the perovskite layer is exposed to AM 1.5G standard illumination and high humidity conditions (humidity over 90 RH%) over 1,000 h. It indicates that these A/FA/MA perovskite materials have great practical use. The indepth study on these new-type perovskite materials with high efficiency and long-term stability shows promise for a practical application of PSCs.
